Introduction
Polymer flooding is the most-common chemically enhanced process for improving oil-recovery factor in oil fields when compared with waterflooding (Thomas 2008; Wang et al. 2016) . Polymer basically increases the viscosity of injection water and reduces the permeability of porous media, then improves the vertical and areal sweep efficiency. A higher viscoelasticity in the water phase will cause a greater residual-resistance coefficient (the coefficient is usu-efficiency and energy conservation (Chiesa 2008) . However, stable deformation of droplets is the premise of highly efficient electrodemulsification, and the deformation is closely associated with the conditions of the electrical field and the interface of the droplet and oil. A high-voltage pulsed electrical field can effectively avoid excessive deformation of the drops, and it is commonly used for the dehydration of crude oil (Lee et al. 2001) .
This study focuses on the emulsification behavior and separation technology of HCPF-produced liquid. Some HCPF-produced liquids with different polymer-containing concentrations and water cuts were sampled from the Daqing oil field to investigate the various properties related to sample emulsification stability. As the main task in this work, a case history of dehydration technology for Daqing oilfield HCPF production is reviewed, and the oil/water separation technology is optimized, which has some advantages in overcoming the obstacles encountered in regular types of electrical-field (AC, DC, and AC/DC) dehydration processes at strong emulsification stability. Additionally, this work will present actual acceptance of the optimization recommendations. Furthermore, results and potentialities of the field application are also discussed, and it should be mentioned that the optimized operating parameters reflect the conditions in the Daqing oil field and may not be representative for other fields.
Mechanism Description
A water drop is polarized in a high-voltage pulsed electrical field and vibrates periodically; then, the strong electrostatic force among multiple drops appears and results in collision and coalescence of many drops (Eow and Ghadiri 2003) . If a single water drop is placed between parallel-plate electrodes and high-voltage pulses (shown in Fig. 1 ) are applied to the electrodes, the drop will be polarized by the high-level pulse, and then stretched and deformed by the dipole force. The drop takes on a nearly prolate spheroid shape during the stretching. When the pulse falls to a low level, the drop recovers its initial spherical shape by the action of an interfacial force. It is then stretched again when the next high-level pulse is released. Thus, the drop undergoes periodic stretching vibration in the pulsed electrical field. The pulsed electrical field can be expressed as According to previous studies and relevant assumptions (Zhang et al. 2007; Gong et al. 2015) , four types of force act on a vibrating drop: inertial force (F i ), vibration resistance (F r ), interfacial force of the vibration (F h ), and the excitation force of the electrical field (F e ). Assuming that the major and minor semiaxes of the drop are a and b during a transient vibration, the deformation velocities are denoted by  a and  b, respectively. The Cartesian coordinate system can be illustrated as shown in Fig. 2 .
The mechanistic model describes the vibration phenomena.
• Inertial force (Zhang et al. 2007) : • Interfacial force (Zhang et al. 2007) : • Kinetic model of the vibration can be written as The low-Reynolds-number fluid theory can be used to describe the vibration behavior because the diameters of the dispersed water drops are small and the vibration velocities are relatively low in a high-voltage pulsed electrical field without electro-dispersion created. Unlike the interfacial force and the excitation force, the inertial force and the vibration resistance of the drops mentioned in the preceding can be ignored because of the small diameter, low vibration velocity, and the surrounding oil that is in a low-viscosity range. The interfacial force and the excitation force, which are in competition with each other potentially, are the strongest and mostimportant forces of the drops in a pulsed electrical field. The interfacial force overcomes the periodically changed excitation force as much as possible. Two competing processes of coalescence and noncoalescence are distinguished as a result of excitation force and interfacial force, respectively, which determines whether dispersed water drops separate or not.
Experimental Material and Procedure
To explain the emulsification behavior and draw a comparison, the conventional method of preparing simulated emulsion was replaced by sampling actual produced liquid (mixture of oil, water, and chemicals of wells), which was taken from 20 production wells with different performances in the same HCPF area of the Daqing oil field. Water cuts and polymer-containing concentrations were analyzed by means of the centrifuging/distillation combination method and the starch/cadmium iodide method, respectively (Figueroa-Johnson et al. 2007; Taylor et al. 1998 ). Phase-inversion measurement experiments were conducted in accordance with ASTM D4440-15 (2015) and ISO 6721-10 (2015) . On the basis of the evaluation of electronegativity, oil/water interfacial tension, and oil-droplet-size distribution, emulsion stability was assessed by simple bottle tests, and it was also measured by the quantification of basic sediment and water (BS&W). The data from a series of tests that covered a wide range of polymer-containing concentrations and water cuts for different produced-liquid samples are shown in Table 1 .
The general purpose of the experimental study was to seek and verify safe, efficient, and stable oil/water-separation technologies; relate the chemical concentrations and destabilization of emulsions; and optimize the operation parameters for the HCPF-produced-liquid dehydration. A dehydration experimental setup with pulse power supply was established, as illustrated in Fig. 3 . It is composed of a high-frequency pulse power supply, high-frequency pulse electrode plate, high-frequency pulse electric dehydration tank, heating system, pressure-control unit, and an operation con- trol panel. In the experiment, the emulsion, which has been separated out of free water by means of sedimentation with demulsifier, travels continuously into the high-frequency pulse electrical-dehydration tank. The operation control panel is started at a set temperature condition for heating or maintaining desired temperature of the emulsion, and the pressure in the tank is adjusted by the pressure-control unit. At the same time, the desired pulse frequency and electrical-field strength are set, and the high-frequency pulse power supply is started to form a high-voltage electrical field for the dehydration experiment. The dehydration currents with different time intervals are recorded during the experiment. The purified oil and separated water are drained out after a suitable separation time. The water content in purified oil and oil content in separated water are determined by the distillation method and spectrophotometry, respectively. In addition, an electrical-field dehydration-performance analyzer with AC/DC power supply is used to conduct a comparison experiment.
Field Tests
To review the case history of oil treating in the Daqing oil field, a typical HCPF industrial pilot area was surveyed, and the general surface-production process is shown in Fig. 4 . Information on how to deal with the phase separation in the development stage of water and chemical flooding in this area is presented. Because the optimization in the case study is the pulse power supply, the main purposes of the field tests are still to practice optimized dehydration technology for HCPF production (as shown in Fig. 5 ), present actual acceptance of the optimization recommendations, and further demonstrate the influence of produced liquid with strong emulsion stability on dehydration efficiency. The effects of field application are discussed as well.
Results and Discussion
Emulsification Behavior of HCPF-Produced Emulsions. As shown in Fig. 6 , the measured zeta potential for oil droplets is approximately -20 to -35 mV, and the absolute value is highest at water cuts ranging from approximately 55 to 65%, which indicates that the HCPF-produced liquid would show an obvious emulsification tendency. This can be attributed to the particles not having enough energy to overcome the barriers created by the double-electrode-layer repulsive force, and then coalescing when the absolute value of the zeta potential on particle surfaces is more than 25 mV. This undoubtedly proves that the zeta potential, even at this level, is a significant contributor to the emulsion stability. Although the observed electronegativity variation is relatively small, its absolute value increased, with the polymer-containing concentration increasing because of the thickening of the HPAM adsorption layer, which relies on the function of hydrogen bonds on 
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Oil well oil droplets. As mentioned previously, the actual produced emulsions were sampled from production wells with different performances in the same HCPF area of the Daqing oil field; that is to say, the water source used for each polymer-containing concentration played an equivalent role, and is thereby most likely caused by a critical micellar concentration for the HPAM, which could contribute to this effect. The equilibrium and dynamic interfacial tensions of HCPF-produced emulsions with different oil/water ratios and polymer-containing concentrations are both approximately 20 to 30 mN/m. This indicates that there are not many surface-active substances adsorbed on the surface of oil droplets in the produced liquid, and the interfacial activity is not enhanced by the polymercontaining concentration increase. This is also in agreement with the existing knowledge that increasing interfacial tension would not be expected to stabilize an emulsion. However, an obvious tight emulsion layer was observed in bottle tests, as shown in Fig. 7 . This is mainly attributed to the formation of a viscous and elastic film caused by a large amount of HPAM in produced liquids, and this hypostable aggregate of oil droplets would result directly in an increase of the emulsification stability. In addition, emulsification tendency is also related to the viscosity of the oil, but it can be seen from Table 1 that the crude oil in the target oil field is not heavy oil, so the current treating difficulties and challenges mainly belong to the emulsification behavior caused by chemical flooding.
As shown in Fig. 8 , the change of BS&W specification is related to test time and the original water cut of the emulsions. The highest separation degree of BS&W is less than 75% of the original water content of the emulsion. Furthermore, combined with the aforementioned quantitative analysis of produced-emulsion electronegativity, which is related to the negative-charge density, the change of separation degree in various HCPF-produced emulsions reveals that the excessive negative-charge density on the oil-droplet surfaces of HCPF-produced emulsions is relatively high and the electrostatic repulsive force between oil droplets is comparatively strong. However, it is observed in tests that the bulk of emulsion becomes obviously larger with the original water cut decreasing, and there appears to be a nonlinear relationship between the dehydration efficiency and dehydration time. Therefore, we can conclude that extending dehydration time to improve the demulsification effect of HCPF-produced emulsions is not an advisable method.
For the sake of completeness of this case study, it should be noted that addressing the separation of free water from HCPFproduced liquid is also very necessary. Besides characterizing the tightness of emulsions, the produced-emulsified-oil-droplet size can directly affect the oil/water separation efficiency in the stage of free-water removal, especially the water quality of separated water. As shown in Fig. 9 , the emulsified-oil-droplet-size distribution of HCPF-produced liquid obeys the normal principle: The average size of oil droplets is approximately 30 μm, and 80% of these are approximately 10 to 50 μm, which reflects that the tendency of oil droplets to coalesce into larger droplets to float up is weak and difficult, and the removal efficiency of free water from produced liquid could fluctuate. Water quality of separated water would be deteriorated, which will bring more challenges to the subsequent sewage disposal.
Generally, the peaking point of the curve between water cut and apparent viscosity of emulsion is defined as the phase-inversion point (Plasencia et al. 2013) . From Fig. 10 , we can see that the emulsification effect of low-water-cut emulsion is more obvious as the polymer-containing concentration increases, which leads to the phase-inversion point decreasing in different degrees. For example, the phase-inversion points of five emulsions with polymer-containing concentrations of 315, 503, 708, 920, and 1053 mg/L are 65, 65, 60, 55, and 50%, respectively. Typically, the micromorphologies of the emulsions are as shown in Fig. 11 . We can clearly observe the superior dispersion stabilities of the oil and water phases in HCPF-produced liquid. The oil and water droplets keep separate from each other, and the emulsified particle size is directly influenced by the polymer-containing concentration. The higher the polymer-containing concentration is, the stronger the independence will become and the smaller the size of the emulsified particle will be. Therefore, the coalescence and phase separation of the particles will be more difficult.
The emulsification behavior of HCPF-produced liquid is complicated and the water cut, polymer, suffered shearing action, and some mineral particles (such as clay) may be the dominating influential factors. The water cut can transform the emulsification type of the produced liquid. The polymer can adsorb on the oil/water interface to increase the shearing viscosity, strengthen the electronegativity, and form a viscous and elastic film around the dispersion phase. These actions make the coalescence of oil and water droplets in the produced liquid difficult. Furthermore, the mineral and impurity particles in the produced liquid can also adsorb on the oil/water interface and cooperate with the polymer to form a screen, which can restrict the coalescence of oil and water droplets, further strengthening the emulsification stability.
Case-History Information on Oil Treating in the Pilot Area. In facing the challenge of reducing investment and energy consumption in the oil industry, optimization and simplification of the surface process have been explored and practiced in the Daqing oil field. With water cut of wells increasing in HCPF production, the improvement of produced-liquid rheological properties provides the advantage of no-heat-tracing gathering and transferring. Thus, the water-source furnace, pipeline, and pump used for heat tracing in the surface-production process shown in Fig. 4 are eliminated, and the separated water from the three-phase separator is directly discharged into the sedimentation unit of the downstream sewage-disposal station. The traditional method of gravity-settling separation is controlled by Stoke's law, and the oil is allowed to rise upward because of the density differences with produced water. Additionally, the centrifugal-settling separation mechanism is also governed by Stoke's law, and is seen in the difference between centrifugal force generated by the spinning fluids and the drag force on the moving droplets (Ogunsina and Wiggins 2005) . To ensure the quality and efficiency of oil treating, it is essential to improve the removal efficiency of free water to the maximum degree; however, the difficulty of oil/water separation increases because of the existence of viscous HPAM in produced liquid in the polymer-flooding EOR process, which can lead to the decrease of the floating velocity of emulsified oil droplets. Therefore, the regular gravity or centrifugal-settling technology has been replaced gradually, and FWKO is developed instead in the HCPF pilot area. As shown in Fig. 12 , one of the major factors affecting free-water-removal efficiency is the coalescing element. Oil droplets will float up to the surface, which could result in adsorption, wetting, collision, and coalescence behaviors, and oil/water separation will be achieved under gravity and flow conditions. A steel rectifier plate makes liquid flow toward uniformity and plays a role in buffering and releasing energy. The coalescing element is made of corrugatedplate packing, and the staggered-setting method promotes the collision and coalescence of dispersed particles. After experiencing the development stage from conventional ceramics to metal products, packing is now replaced by polypropylene in the HCPF pilot area. Waste heat of produced liquid is used for oil treating in this upgraded equipment, and treating time is determined to be 15 to 20 minutes from years of operating practice in the HCPF pilot area. Under the conditions that original historical water cut of wells in production is in the range of approximately 45 to 85%, the water cut in oil is lower than 20% and the oil concentration in water is less than 3000 mg/L after treating.
The destabilization of emulsified water in oil treating is crucial, and the electrostatic-demulsification technique has been used to enhance the separation of water in crude-oil emulsions in the Daqing oil field. Admittedly, the electrical parameters, such as type of electrical field, frequency, and electrical field strength, have been optimized and practiced constantly. The DC electrical field has been less common compared with the AC electrical field, and the major electrical-field type is still the AC electrical field with main frequency (50 Hz). Together with the AC electrical field, a complex AC/DC electrical field has been used extensively since chemical-flooding industrialization was achieved in the Daqing oil field. However, besides affecting the electrical dehydration efficiency, the complicated physical and chemical properties of the emulsions in HCPF production are also threats to the operating stability of the dehydrator, such as serious deposition on the electrode plate, frequent current leakage, and deteriorating separated-water quality. Therefore, the electrostatic-demulsification technique is being further optimized in the pilot area, and as the focus of this paper, the pulsed-DC electrical-field dehydration draws much attention.
Dehydration Adaptability of HCPF-Produced Emulsions in
Pulsed-DC Electrical Field. After the removal of free water, different dehydration methods of HCPF-produced emulsions, containing approximately 20% emulsified water and approximately 600 mg/L of polymer-containing concentration, are investigated in the labratory. Meanwhile, dehydration time in laboratory testing was maximized to 60 to 90 minutes in experiments to reliably reflect the dehydration efficiency, especially the operation stability of the electrical field. As in the preceding discussion of emulsification behavior, the complicated physical and chemical properties of the emulsions in HCPF production would make the electrostatic field unstable. As shown in Table 2 , at the temperature of 50°C, application of the combined electro-chemical method, in contrast to a single chemical method, on HCPF-produced emulsions can improve the separation effect. However, there are still some problems when dehydration occurs in an AC/DC electrical field, such as frequent current leakage, unstable operation, and especially high oil content in separated water. When the emulsions are exposed to a pulsed-DC electrical field, the electrical-field strength and duty ratio are 0.258 kV•mm -1 and 0.5, respectively. At these conditions, the separation effect is much better and the problem of unstable operation no longer appears when pulse frequency is adjusted; but, sometimes, the water content in purified oil after dehydration fluctuates. This can be attributed to the electro-dispersion under some electrical parameters. As Sun et al. (2012) observed, the interaction of pulsed electrical-field parameters on polarization deformation of water droplets is complicated and not to be ignored. The deformation and coalescence degree of water droplets are related to the pulse frequency ( f ), electrical-field strength (E), and duty ratio (n). The curves in Fig. 13 depict the condition at Point A in Fig. 3 . Compared with the AC/DC power-supply dehydration, the time length of high dehydration current could be shortened greatly when a pulsed-DC electrical field is used. The results reveal that high-frequency pulsed-DC power supply can build a high-voltage electrical field without electro-dispersion by square-wave pulse and the oil/ water-emulsion film in the HCPF-produced emulsions with strong conductivity can be broken by the impact of instantaneous highpower electrical pulse. Then, the emulsified water droplets in the emulsion can absorb enough energy, the vibration amplitude and coalescence probability are increased, and the oil/water interface is remarkably changed over to a clean and clear state. To avoid leakage from the electric dehydrator, the amount of demulsifier is reduced and the HCPF-produced emulsions are separated effectively. The results indicate that stable-droplets deformation is the premise of highly efficient electro-demulsification, and the frequency of the electrical field can directly affect the vibration of the emulsified drop and the dehydration efficiency. Overall, dehydration adaptability of HCPFproduced emulsions in a pulsed-DC electrical field is positive.
Field Application Effects of the Optimized Dehydration
Technology. Because this is a case study, there is no need to add tables and graphs to show the application results, and the field data, including treating volume, specifications of dehydrators, treating temperature, electrical-field parameters, treating time, demulsifier consumption, dehydration current, water cut of purified oil after treatment, oil concentration in water, and operation stability, are all contained in the following text description. This optimized dehydration technology was recommended to an oil-treating station in the HCPF pilot area in the Daqing oil field. Treating volume of produced emulsions after free-water removal in this station is approximately 1500 m 3 /d, three electric dehydrators are in parallel operation, the specifications are all Φ4000×16 000 mm, and the distance between electrodes is 100 mm, including one electric dehydrator with complex AC/DC electrical field (50 Hz). As compared with the optimized recommendation shown in Fig. 5 , the other two electric dehydrators are equipped with a high pulsed-DC electrical field instead, and high-voltage output is 0 to 40 kV, pulse frequency is 1 to 5 kHz, and duty ratio is 0.4 to 0.5. Produced emulsions are exposed to the electrical field for approximately 20 minutes at approximately 55 to 60°C. Several months of operation practice in HCPF production indicates that the dehydration current in a high pulsed-DC electrical field is lower than that in a complex AC/DC electrical field for 5 to 10 A, and current leakage is avoided, impact resistance capability of dehydration facilities is improved, and the stable operation of the dehydration process is realized. Compared with previous dehydration processes with a complex AC/DC electrical field, the demulsifier consumption is reduced from 30 mg/L to approximately 15 to 20 mg/L with this optimized technology, and water cut of purified oil is continuously lower than 0.15% in HCPF production. Furthermore, the oil concentration in water is less than 1000 mg/L with slight fluctuations, especially when electrical-field strength is 3.00 kV•cm -1 and pulse frequency is approximately 3 kHz. This illustrates that the use of pulsed-DC electrical fields with these parameters is clearly advantageous, and provides the potential to obtain a further stable operation in comparison with any other electrical parameters without concern of unfavorable formation of secondary droplets. In addition, the dredging period of this optimized dehydrator is doubled, labor intensity decreases significantly, and facilities pollution and health and environmental threats are reduced compared with the previous dehydration process. The operation practice reveals that this dehydration-technology optimization is worth pursuing in HCPF production.
Conclusions
This paper presents dehydration-technology optimization for HCPF production in the Daqing oil field. In view of the fact that the treatment of continuous emulsion of water and oil in oilfield production is an integrated process, the emulsification stability of HCPF-produced liquid with different properties, the adaptability of oil continuous emulsion in pulsed-DC electrical field, and the separation of free water are involved in this case study. The following conclusions can be drawn from the emulsification-behavior assessment, process simulation, mechanism analysis, and field application conducted in this study:
• Gravity settling and electrostatic demulsification are the widely used dehydration technologies in the Daqing oil field. The emulsification behavior of HCPF-produced emulsions is complicated and dominated by water cut, polymer-containing concentration, effect of shearing action, and some mineral particles. The tight emulsion layer is easy to form, and the capability of phase separation with this conventional dehydration technology is limited.
• After the effective removal of free water in upgraded equipment for HCPF production, the destabilization of HCPF-produced emulsions in a pulsed-DC electrical field is stable and highly efficient, and parameters through simulation experiments, which are optimized and recommended, are as follows: maximum electrical field strength is approximately 0.25 to 0.30 kV•mm -1 , pulse frequency is 3 kHz, duty ratio is approximately 0.5, dehydration temperature is approximately 50 to 60°C, and demulsifier consumption is approximately 15 to 20 mg/L. • Compared with the previous dehydration process with a complex AC/DC electrical field, the process with a pulsed-DC electrical field shows a unique advantage in high dehydration efficiency of emulsified water, energy conservation, environmental protection, lower labor intensity, and especially the enhancement of operation stability. The water content in purified oil after treating is less than 0.15%, and oil content in separated water is less than 1000 mg/L, making the oil/water interface clean and clear in this process. It demonstrates that this dehydration-technology optimization is worth pursuing and has a potential for treating emulsions with complicated properties. Tianyu Yu is an MS-degree candidate in the School of Civil, Environmental, and Mining Engineering at the University of Western Australia, Perth. His research interests include flow assurance, structural dynamics, and waste management. Yu has authored or coauthored four technical papers, one of which was published in an SPE proceedings. He holds a BS degree in oil and gas storage and transportation engineering from Northeast Petroleum University.
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